Abstract
previous study 24 ( Figure S1 ). DNA samples from the ≠Khomani San were collected with written array annotation file published by Price et al. 36 and by cross-referencing the genomic 143 coordinates of our samples' genotype data and the methyltyping probes using bedtools. These 144 values were background and colour-corrected, and technical differences between Type I and
145
Type II probes were corrected by performing quantile and subset-quantile within-array 146 normalization (SWAN) using the lumi and minfi R packages. For a discussion of the various 147 technical issues inherent in the 450k array design, see Dedeurwaerder, S. et al. 37 and 7 beta values for each CpG site, which range from 0 (indicating that the site is completely 155 unmethylated) to 1 (completely methylated).
156

Single nucleotide polymorphism (SNP) genotype data
by the Human Genome Diversity Project (HGDP) on the Illumina HumanHap array 41 . We
167
performed an unsupervised clustering analysis using ADMIXTURE 42 on the resulting dataset of 168 254,080 SNPs from 319 individuals in order to determine the global ancestry proportions. We 169 specifically estimated the genetic contributions from Bantu-speaking agriculturalists and ancestry from neighbouring Bantu-speakers in the Baka population 40 , and an average of 11%
172
for each of Bantu and European ancestry in the ≠Khomani San 35 .
Saliva epigenome-wide association study (EWAS)
8 to correct for relatedness within the population. For the ≠Khomani San analysis, proportions of factors were obtained by including PCs that were moderately correlated with age as covariates
185
( Figure S4 ), which may decrease our power to detect a-CpGs. By minimizing the genomic 186 inflation factor in this way, our EWAS are likely to be overly conservative, especially given that a 187 substantial fraction of the 450k array becomes differentially methylated with age 1,2,43 . CpGassoc
188
was used on the Baka saliva dataset because it allowed family identity to be included as a fixed 189 covariate, which produced the lowest overall λ. This may be due to the fact that the kinship 190 matrix does not account as effectively for the presence of many first-degree relatives in this
191
dataset. We applied a Benjamini-Hochberg corrected threshold to both EWAS to identify CpG
192
sites whose methylation levels vary significantly with age at a FDR of 5%.
Blood EWAS
194
We performed a correction for cell-type composition using the method described by Houseman
195
et al. implemented in the minfi package 44 . This compares the observed methylation data from were selected in order to minimize the genomic inflation factor ( Figure S3 ). We applied a saliva EWAS using Fisher's method 46 
250
SNPs that lay within 200kb of that site, and had a minor allele frequency of at least 10% in the 251 sample. 11,559 significant cis-meQTL associations were identified by applying a Benjamini-
252
Hochberg correction to the p-values at a FDR of 1%, as determined by 100 permutations.
253
Conditional analysis
254
We performed a conditional association analysis for each a-CpG with a significant meQTL by
255
including the genotype state of the associated SNP as an additional covariate in the model.
256
Because EMMAX cannot handle missing values, and because some genotype information was 257 missing, we repeated the 'baseline' EWAS for the Baka whole blood data and performed the 258 .
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conditional analysis using CpGassoc correcting for all the same covariates, but excluding the permuted CpG-SNP associations a total of 100 times to build a distribution of effects of a 263 random meQTL on general age-association trends.
265
Results
266
Principal component analysis and ADMIXTURE
267
We performed principal component analyses (PCA) to determine if there were factors other than 268 age driving systematic differences in DNA methylation profiles. PCA were conducted on the 269 saliva and blood datasets separately, since it is expected that these tissues will differ 270 substantially in their methylation profiles 29 . Individuals clustered together by batch identity in
271
biplots of the first and second PCs, demonstrating that batch effects were the strongest drivers of DNA methylation profile differences, as expected 57 , but population identity (for the saliva 273 dataset) and sex did not appear to drive clustering in the first two PCs ( Figure S2 ). Six
274
≠Khomani San and one Baka individual were removed from subsequent analyses because their 275 methylation profiles were extreme outliers. We found a significant correlation for some PCs with 276 age, in particular saliva PC 1 with ≠Khomani San age and blood PCs 1 and 2 with Baka age
277
( Figure S4 ). 
294
Epigenome-wide association studies
295
We conducted an epigenome-wide association study (EWAS) of DNA methylation level and 
301
Meta-analysis of saliva EWAS
302
In order to improve our power to detect significant age associations in hunter-gatherer saliva,
303
we performed a meta-analysis by calculating Fisher's p-values from the p-values of both saliva
304
EWAS. We identified 2060 CpG sites that were significantly associated with age at a FDR of 5%
305
in the meta-analysis of our saliva studies. Of these, 1500 (72.8%) show a hypermethylation 306 trend (increasing beta value) with age and 560 (27.2%) show a hypomethylation trend
307
(decreasing beta value) with age ( 
319
( Figure 3B ).
320
We noted that several a-CpGs exhibited a log-linear change in methylation level with significance threshold of p < 0.001 in all three datasets ( Figure S6 ).
365
Testing an epigenetic aging predictor
366
DNA methylation can be affected by genetic variation, as well as environmental and lifestyle 367 variation during development. We therefore asked how accurately existing age prediction 368 models, developed primarily on methylation data derived from individuals of European ancestry,
369
would perform on our African datasets. We applied a multi-tissue age predictor developed by
370
Horvath 12 to all three datasets, hereafter referred to as the "Horvath model" ( Figure 6A ). This 
377
≠Khomani San, we applied the age predictor to European methylation datasets from blood
378
(Gene Expression Omnibus datasets GSE30870 3 and GSE49064 43 ). We observed a similar 379 underestimation of age in older Europeans, suggesting that underestimation in adults older than 380 50 years is not indicative of a ≠Khomani San-specific slowdown in the epigenetic aging rate
381
( Figure 6C ).
382
.
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Finally, we observed a systematic overestimation of age from the DNA methylation the application of the arrays. However, it is not possible to rule out a biological driver that
387
causes Baka blood to exhibit increased epigenetic age under the Horvath model (see 
408
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073171 doi: bioRxiv preprint first posted online Sep. 2, 2016;  and are also associated with a specific cis genetic variant in the Baka. This is more overlap than 409 would be expected by chance, as determined by randomly sampling and intersecting 18,229 the 306 significant a-CpGs identified in our EWAS of Baka blood methylation.
413
We performed a conditional analysis to determine if incorporating genotype information 
433
These results suggest that, for some CpG sites, the genotype state of the true meQTL provides
434
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459
The role of DDO is to eliminate this abnormal version of aspartic acid in proteins and counteract
460
. 
CC-BY-NC-ND
4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073171 doi: bioRxiv preprint first posted online Sep. 2, 2016
477
We also identify 107 significant a-CpGs across three EWAS and a meta-analysis that
478
have not, to our knowledge, been reported in any previous study of DNA methylation and aging. 
541
of predicted ages from our whole blood dataset was due to batch effects, a small variation in the 542 pipelines we used compared to the original study, or a real biological effect.
543
We found that methylation levels at 901 previously reported a-CpGs are also 544 significantly associated with the genotype state at a cis genetic variant. Only eight of these are 545 also significant a-CpGs in our study, and we demonstrate that variation at the associated 546 meQTL is a significant explanatory factor for this lack of replication. By performing a conditional 547 analysis, which accounts for the genotype state of the known meQTL, we were able to recover 
562
In this study of African hunter-gatherer DNA methylation patterns, we demonstrate that 563 some CpG methylation changes with age are strongly conserved at specific a-CpGs across
564
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genetically diverse human populations and across tissues, and can be confirmed as reliable and 565 universal biomarkers for human aging. We identify 107 novel a-CpGs, which may be useful 566 aging biomarkers. We also observe that genetic variation in a population, particularly at 567 meQTLs, can result in variation in age-related differential DNA methylation. This variation, if 568 uncharacterized or unaccounted for in epigenetic age prediction algorithms, can lead to poor 569 estimates of age in different cohorts and populations. On the other hand, this variation can also 570 be leveraged to improve the precision of age prediction. We conclude that DNA methylation 571 patterns are a promising suite of molecular biomarkers for age across diverse human groups,
572
and that further characterizing these patterns in genetically and ecologically diverse cohorts will 573 facilitate the development of more precise and accurate epigenetic age predictors in the future. 
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Accession Numbers 587
The accession numbers for data used in this paper are in **: [accession number TBD] 588 589 . Figure 2 -Scatterplots of beta value versus age for a-CpGs Methylation levels as beta values, which are continuous from 0 (indicating that the site is completely unmethylated) and 1 (indicating that the site is completely methylated), are plotted against age for three of the age-associated CpG sites (a-CpGs) that were identified as significant in A) all three epigenome-wide association studies (EWAS), B) only the two saliva EWAS, and C) only the Baka blood EWAS. Beta values plotted here are not adjusted for the covariates included in each EWAS.
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. Figure 5 -Scatterplots of methylation level and age for novel age-associated CpG sites Methylation (beta) value is plotted against age for the 19 novel a-CpGs exhibit either an absolute Pearson correlation coefficient of 0.6 or higher, or an absolute slope of 0.001 or higher. Novel a-CpGs were identified if they exceeded the Benjamini-Hochberg-corrected threshold for significance (FDR of 5%) in at least one of the three EWAS or the metaanalysis conducted in this study. Beta values plotted here are not adjusted for the covariates included in each EWAS. Points are greyed out if the CpG site was not identified as significantly associated with age in that dataset.
Figure 6 -Scatterplots of true age against estimated age as predicted by the Horvath model Chronological age reported by individuals is plotted against estimated ages generated from epigenetic data using Horvath's age prediction model 12 . All four panels show the age estimates for the Baka, ≠Khomani San and European blood and saliva datasets, coloured to emphasize different features of the data. Blood and saliva tissue sources are indicated by triangles and circles, respectively. A) All data points, coloured based on population identity. B) Only estimates for African saliva data are coloured; all others are greyed out. C) Only estimates for individuals whose true age is 50 or more, except for the Baka blood data, are coloured. D) Only estimates for Baka blood are coloured. The dashed line represents perfectly accurate prediction of chronological age. Figure 8 -Scatterplots of a-CpGs with associated meQTL genotype states Scatterplots of beta value and age are shown for the nine CpG sites for which age association improves (i.e. p-value decreases) by over two orders of magnitude when SNP genotype information from a known methylation quantitative trait locus is accounted for in the EWAS. Individuals are coloured by their genotype (homozygous reference, alternative or heterozygous) state, demonstrating genotype-specific trends between methylation and age exist at these CpG sites. Beta values plotted here are not adjusted for the covariates included in each EWAS.
Figure S1 -Age structure of the African datasets Age structure of the Baka saliva, ≠Khomani San saliva and Baka blood datasets based on reported individual ages.
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Figure S3 -Quantile-quantile plots
The ranked p-values resulting from A) the Baka saliva epigenome-wide association study (EWAS) B) the ≠Khomani San saliva EWAS and C) the Baka blood EWAS are plotted against the expected p-values given no association between methylation level and age. CpG sites that exceeded the Benjamini-Hochberg significance threshold are plotted in red. The dashed curves represent the upper and lower 5% confidence intervals around the null expectation. The genomic inflation factor is shown for each EWAS.
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Figure S4 -Scatterplot of age and principal component values
Values of the principal components (PC) used as covariates in the epigenome-wide association studies are plotted against chronological age for A) the Baka saliva dataset, B) the ≠Khomani San saliva dataset, and C-E) the Baka whole blood dataset. The dashed lines represent the line of best fit from the linear models of the PC value and age. The Pearson correlation value between age and PC value and p-value of the linear model are shown in each panel.
. . We focus on k=4 ancestries for the Baka Pygmies and ≠Khomani San, concordant with previous observations 35, 39, 40 .
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Figure S6 -Hypomethylation with age of CpG sites in the gene D-aspartate oxidase
The methylation level is plotted against age for three additional sites in the gene D-aspartate oxidase (DDO) that exhibit age-associated hypomethylation at a relaxed significance threshold of p < 0.001 in the two saliva datasets. Beta values plotted here are not adjusted for the covariates included in each EWAS.
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